Review available evidence supports a role for gut microbiota composition and function in disease risk. We will also identify the gaps in the understanding of the respective roles of gut microbiota, dietary habits, and host factors in disease progression and prevention.
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The gut microbiota structure, dynamics, and function result from interactions with environmental and host factors, which jointly influence the communication between the gut and peripheral tissues, thereby contributing to health programming and disease risk. Incidence of both type-1 and type-2 diabetes has increased during the past decades, suggesting that there have been changes in the interactions between predisposing genetic and environmental factors. Animal studies show that gut microbiota and its genome (microbiome) influence alterations in energy balance (increased energy harvest) and immunity (inflammation and autoimmunity), leading to metabolic dysfunction (e.g., insulin resistance and deficiency). Thus, although they have different origins, both disorders are linked by the association of the gut microbiota with the immune-metabolic axis. Human studies have also revealed shifts in microbiome signatures in diseased subjects as compared with controls, and a few of them precede the development of these disorders. These studies contribute to pinpointing specific microbiome components and functions (e.g., butyrate-producing bacteria) that can protect against both disorders. These could exert protective roles by strengthening gut barrier function and regulating inflammation, as alterations in these are a pathophysiological feature of both disorders, constituting common targets for future preventive approaches.
T he bacterial ecosystem (microbiota) living in our intestine plays a fundamental role in the normal functioning of both metabolic and immune systems, beyond genetic determinants. Consequently, imbalances in gut microbiota (dysbiosis) are a possible causal factor of metabolic and autoimmune diseases. The initial colonization of the newborn intestine is particularly relevant to the proper development of the host's immune and metabolic functions and to determine disease risk in early and later life (1) . Gut microbiota signatures seem to be highly specific for each individual, resulting in large interindividual variations that depend on both host genetics and environmental factors (1, 2) . This specificity has hindered our understanding of the microbiota's role in health and disease. However, the fact that gut microbiota shows certain plasticity, particularly in response to the diet, also makes it possible to develop intervention strategies that promote a healthy gut ecosystem to reduce disease risk (3) . Breast milk-associated bifidobacteria in infants are a hallmark of the host-gut microbiome response to diet, promoting a particular microbial community structure, and presumably contributing to the role of breastfeeding in reducing disease risk (e.g., infections, obesity, and type-2 diabetes) (4) . Although microbiota seems to be more sensitive to environmental factors in infants than in adults, the latter also respond to dietary intervention with variations of at least 10% (2) . There is also evidence that gut microbiota and their products have large and diverse effects on immunity and immunemediated disorders (5) . Furthermore, bacterial interactions (mutualism and antagonism) that define the gut ecosystem are known to be indirectly mediated by the host immune system and particularly by its innate components (6, 7) . These findings reveal the two-way communication between the gut microbiota and the host, which might be shifted by diet and influence the risk of developing immune-mediated disorders, particularly at early stages of development.
In the light of this evidence, the increased incidence of dietassociated inflammatory diseases (obesity and type-2 diabetes) and autoimmune disorders (e.g., type-1 diabetes) could be partially explained by changes in gene-environment interactions, including diet-induced changes in microbiota. Systemic inflammation and autoimmunity are detectable years prior to the onset of overt disease, promoting the development of metabolic and autoimmune diseases (8) . This suggests that subjects predisposed to disease might benefit from interventions targeting the immune system directly or indirectly before the disease manifests. Thus, new biomarkers of disease progression, including those related to the microbiome, must be identified to discover the pathophysiological determinants of these disorders and develop preventive interventions in the form of personalized health-care and nutrition-based strategies.
Here, we will consider two diseases, type-1 and type-2 diabetes, as both disorders are linked to the gut microbiota association with the immune-metabolic axis (Figure 1) . We will provide a comprehensive review of the extent to which Alterations in gut microbiota structure and function detected in both genetically and diet-induced obesity models led to initially establishing a role of microbiota in body-weight regulation (9) . Nevertheless, gut microbiota alterations associated with obesity were also proposed to be a secondary consequence of the diets inducing obesity or of the genotype (6). However, comparison of germ-free and conventionally colonized mice has demonstrated that gut microbiota colonization leads to impaired glucose metabolism and increased macrophage accumulation in white adipose tissue not only in mice fed a high-fat diet but also fed a standard diet, suggesting that microbiota effects are partly independent of diet (10) . Also, animals with a common genotype and fed the same diet can develop different metabolic phenotypes (either diabetic or nondiabetic) as a function of their specific gut microbiota profile, suggesting that gut microbiota per se determines the risk of developing metabolic dysfunction to some extent (11) . Figure 2 provides a summary of evidence for the possible mode of action of the microbiota in obesity and the associated comorbidities, including type-2 diabetes. Initially, comparisons between germ-free and conventional colonized mice indicated that the microbiota, as a whole, increases our ability to extract energy from the diet and store this energy in peripheral tissues (liver, adipose tissue, etc.), leading to impairment of insulin sensitivity (12) . The fact the microbiota breaks down indigestible dietary components (mainly plant-derived polysaccharides) is considered one of the mechanisms improving Figure 1 . Schematic representation of the interaction of the gut microbiota with the immune-metabolic axis and the different mechanisms proposed to explain its implication in health and disease risk. In type-1 diabetes, the intestinal dysbiosis and the increased gut permeability and altered immunoregulatory mechanisms seem to trigger the autoimmune response leading to the destruction of β cells in the pancreatic islets. In type-2 diabetes, saturated fat and dysbiosis due to "obesogenic" diets cause inflammation and alterations in gut permeability contributing to disease onset. the host's ability to extract energy from the diet. This is consistent with evidence that the microbiome of human feces is enriched in genes involved in the utilization of complex dietary polysaccharides (13) . This activity leads to the generation of short-chain fatty acids (SCFAs; butyric, acetic, and propionic) and gases (e.g., hydrogen), which can also be further metabolized, activating the overall colonic fermentation and increasing the efficiency of energy extraction from ingested nutrients (14) . Although the energy contribution of complex plant polysaccharides is by far lower than that produced by digestible carbohydrates, their metabolism can constitute a survival strategy mediated by our symbiotic microbiota. However, the role of the gut microbiota in supplying extra energy from the diet could be less prominent in the context of Western diets rich in fats and simple carbohydrates. This theory of "increased energy harvest" is somehow contradictory to the benefits on metabolic health attributed to high dietary fiber intake and the SCFAs generated. Some of the SCFAs resulting from intake of high fiber diets, and particularly butyrate, are considered to exert beneficial effects in the context of obesity and associated comorbidities. One of the proposed modes of action of SCFAs (specially of butyrate) is related to their ability to increase satiety and decrease calorie intake and postprandial glycemia via modification of gut peptide production (glucagon-like peptide (GLP)-1 and gastric inhibitory peptide). In addition, butyrate is the main energy source for enterocytes, and therefore, regulates cell proliferation and differentiation and induces GLP-2 production, which altogether strengthens the gut barrier function. Butyrate also reduces oxidative damage and inflammation by inhibiting histone deacetylases and the activation of the transcription factor nuclear factor-κB and the associated cytokine production (15,16; Figure 2 ). Inflammation seems to be one of the major pathophysiological factors leading to insulin resistance and progressively to type-2 diabetes. Gut microbiota alterations can also contribute to this inflammatory condition. Obesogenic diets may promote the growth of pathobionts (potential pathogens), which could trigger an inflammatory response via local Main mechanisms of action of gut microbiota and derived metabolites in obesity and associated metabolic dysfunctions (insulin resistance and type-2 diabetes). Gut microbiota contributes to the hydrolysis of complex polysaccharides from dietary fiber, and thereby might contribute to increasing energy harvest and to generating short-chain fatty acids (SCFAs; acetic propionic and butyric acid) that affect the host's metabolism in different ways. SCFAs might activate the G-protein coupled receptor (Gpr) 41 inducing the expression of peptide YY, an intestinal hormone that influences gut motility, increases intestinal transit rate, and reduces energy harvest from the diet. SCFAs might also activate Gpr43 and Gpr41 inducing glucagon-like peptide-1 (GLP-1) secretion, increasing insulin sensitivity, and inducing satiety. Butyrate provides energy to enterocytes, exerting a trophic effect and inducing the synthesis of GLP-2, thereby strengthening the gut barrier function. Butyrate may also promote the formation of peripheral regulatory T cells (Treg) by its ability to inhibit the histone deacetylases 6 and 9 that leads to acetylation of histone H3, which promotes the expression of the Treg-specific forkhead transcription factor FoxP3. Intestinal dysbiosis, which could be partly caused by "obesogenic" diets rich in saturated fats, may lead to the growth of potential pathogens (Gram-negative bacteria and derived lipopolysaccharide (LPS)) with proinflammatory effects via generation of cytotoxic compounds (H 2 S) or interaction with innate immune receptors (TLR4, TLR2) and contribute to inflammatory cytokine production, attraction of inflammatory cells, and translocation of bacterial products (LPS, DNA) by transcellular and paracellular pathways that activate inflammation in peripheral tissues. NF, nuclear factor. (17, 18) or via production of toxic compounds (e.g., hydrogen sulphide) (19) . Both mechanisms could also lead to a leaky gut, translocation of microbial molecules, and overall, promote systemic inflammation. Also, saturated fatty acids of obesogenic diets might favor a leaky gut by inducing expression and activation of innate immune receptors (Toll-like receptors) and increasing lymphocyte flux and proliferation; altogether this may lead to the production of cytokines (e.g., tumor necrosis factor-alpha, interferon-gamma) that increase intestinal permeability, facilitating translocation of bacterial products regardless of possible alterations in the gut microbiota composition. Lipopolysaccharide can also translocate via a transcellular epithelial pathway together with chylomicrons formed to incorporate dietary long-chain fatty acids in the form of triglycerides or through intestinal-epithelial microfold (M) cells (9) . Murine models of high-fat diet-induced obesity have also demonstrated that live Gram-negative commensal intestinal bacteria (Escherichia coli) can translocate to the blood and adipose tissue and that this process is mediated by dendritic cells and depends on innate immunity pattern-recognition receptors (TLR4 and Nod1) (20) . However, intervention in the gut ecosystem with specific prebiotics or potential probiotics reduces the high-fat diet-induced metabolic endotoxemia, inflammatory tone, bacterial product translocation, and metabolic dysfunction, demonstrating that these effects are partly mediated by gut microbiotainduced changes in animal models (20, 21) .
Evidence Supporting a Role of Gut Microbiota in Obesity in Humans
In humans, a large number of studies have established relationships between alterations in gut microbiota structure and function, and obesity, although there is no consensus on the key players in this disorder yet. Numerous studies report reduced proportions of Bacteroidetes or its subgroups (e.g., Bacteroides) in obese subjects compared with lean subjects, parallel to increased proportions of Firmicutes or its subgroups (22, 23) . However, other studies have not found consistent results (22, 24) . These include a recent metagenomic study reporting that subjects with low bacterial richness (low gene count) gained more weight and had increased inflammatory tone (C reactive protein and leptin), insulin resistance and dyslipidemia as compared with subject with high bacterial gene counts (24) . This finding supports the idea that a less diverse microbiota is less resilient to the invasion of unhealthy microbes, which may contribute to disease. Bacteroides and Ruminococcus spp. were more abundant in subjects with low gene counts and metabolic dysfunction, whereas Faecalibacterium prausnitzii, Bifidobacterium, Lactobacillus, Alistipes, Akkermansia, among others, were more dominant in subjects with high gene counts and healthier metabolic phenotypes. Nonetheless, not all subjects with either a high or low gene counts have a similar metabolic phenotype, suggesting that findings could be influenced by confounding factors.
Proteobacteria or enterobacteria were positively associated with obesity in a few studies, including one in preschool children, as well as Staphylococcus spp. in pregnant women (22) (23) (24) . By contrast, Akkermansia spp. was associated with a lean phenotype in two human studies, one conducted in children (22) .
Diet is a major driver of gut microbiota composition, which may partly explain why microbiota alterations are associated with an obese phenotype in humans. However, the microbiota structure resulting from unhealthy dietary habits is also thought to contribute to body-weight regulation (25) . In this context, higher energy intake leading to an increased ratio of Firmicutes to Bacteroidetes has also been related to increased energy absorption from diet (25) . Human intervention studies have also revealed that the individual's microbiota composition and richness could influence the effectiveness of dietary interventions in improving the metabolic phenotype (26, 27) . Furthermore, transplantation experiments of human microbiota in mouse models reveal that the influence of dietmicrobiota interactions on the host metabolic phenotype is transmissible. A recent study has shown that when microbiota from subjects discordant for obesity (uncultured fecal communities and the corresponding fecal bacterial cultures) is transplanted in germ-free mice, these mice develop the corresponding phenotype when fed a low in fat and high in plant polysaccharides chow diet (28) . The same study showed cohousing mice harboring the obese human microbiota with mice containing the lean human microbiota prevented the development of an obesity-associated metabolic phenotype due to the invasion of the obese mouse intestine with specific members of Bacteroidetes (e.g., Bacteroides uniformis, B. caccae, B. cellulosilyticus, etc.) from the lean microbiota. However, this effect was diet-dependent and positive only in the context of a chow diet representing low saturated fat, high fruit, and vegetable intake, but not in the context of a chow diet, representing high saturated fat, low fruit, and vegetable intake (28) . These findings were also supported by administration of a selected Bacteroides strain (B. uniformis CECT 7771) from humans to a mouse model of diet-induced obesity in an independent study (29) . Furthermore, recent fecal transplants to type-2 diabetic subjects beneficially influenced glucose metabolism and insulin resistance, proving that microbiota replacement strategies could help to protect from metabolic disease in humans (30) .
Despite all this evidence, prospective epidemiological studies are necessary to establish whether specific microbiota features constitute risk factors and predict obesity and the associated metabolic disorders; however, only a couple of studies have been published to date. A follow-up study including 49 infants has reported that differences in fecal microbiota composition at 6 and 12 mo of age precede subsequent overweight in children at 7 y of age. Children maintaining normal weight showed a greater number of bifidobacteria, while children who became overweight harbored a greater number of Staphylococcus aureus during infancy (31) . A more recent and larger study of 330 healthy Danish infants from 9 to 36 mo of age reported a positive correlation between the increase in BMI and the increase in SCFA-producing clostridia (the Clostridum leptum group and Eubacterium hallii) (32) . Taking into consideration the positive associations established between rapid infant weight gain and later-life obesity, these microbiological differences could play a role in obesity; however, direct evidence must be established. Santacruz et al. (33) detected positive correlations between mother's E. coli numbers and birth body weight, but data for the effects on offspring were not followed-up. Another study concluded that microbiota in 79 infants born large for gestational age differed significantly compared with microbiota in infants born with an average weight for gestational age. Gram-negative Proteobacteria were more abundant in neonates born large for gestational age, whereas Gram-positive Firmicutes were more abundant in neonates born average for gestational age (34) . Due to the fact that high birth weight is a risk factor for the development of metabolic disorders, these findings suggest that early microbiota could be a factor programming immune and metabolic health, but data from follow-up studies were not reported.
Evidence Supporting the Role of Gut Microbiota in Type-2 Diabetes in Humans
Studies reporting associations between shifts in gut microbiota composition and function and type-2 diabetes in humans are summarized in Table 1 . Some of the findings suggest that metabolic markers of disease could be relevant for defining the relationships between obesity and gut microbiota (35) . A recent metagenomic study also led to the development of a mathematical model to identify metagenomic markers for type-2 diabetes and diabetes-like metabolism (38) . Nevertheless, the discriminant metagenomic markers were shown to differ between different cohorts of subjects, revealing that our understanding is insufficient to enable prediction of an individual's disease risk based solely on the gut microbiome. Notwithstanding, a decreased abundance of some butyrate-producing bacteria (e.g., Roseburia, F. prausnitzii) and an increased abundance of opportunistic pathogens (e.g., Clostridium clostridioforme, E. coli) could be a potential microbiome signature of reduced glucose tolerance and type-2 diabetes. However, prospective Review epidemiological studies in well-controlled populations are needed to provide sounder evidence of the microbiome features that constitute risk factors for these disorders, as well as dietary intervention studies to establish causality. In relation to the mechanisms of action, it has been proposed that the microbiota could contribute to triggering the chronic-low grade inflammation underlying insulin resistance and type-2 diabetes. This hypothesis is supported by the detection of lipopolysaccharide from Gram-negative bacteria in the blood of subjects with metabolic syndrome and type-2 diabetes (40) . Moreover, bacterial DNA (mostly belonging to the phylum Proteobacteria) was detected in the blood of subjects before diabetes onset, and was higher in those who had abdominal adiposity (20) .
GUT MICROBIOTA AND RISK OF DEVELOPING TYPE-1 DIABETES Type-1 diabetes is an autoimmune disease caused by destruction of insulin-producing β cells in the pancreatic islets of Langerhans by immune mediated mechanisms that lead to insulin deficiency in genetically predisposed individuals (41) . Although the etiology of the disease is not completely understood, increased intestinal permeability, aberrant immune responses, and intestinal dysbiosis have been proposed as the "perfect storm" that triggers the development of type-1 diabetes (42) . Insufficient regulation of immune attacks on β cells, due to genetic and other modifiable factors (e.g., microbiota) is characteristic of disease (43) . Increased intestinal permeability has also been described in type-1 diabetes patients (44) (45) (46) , their relatives (45) , and type-1 prediabetic patients (45, 46) . In this context, it is unclear whether the altered immune status causes intestinal integrity disruption or whether intestinal integrity disruption by an environment trigger (e.g., infections or dysbiosis) causes an abnormal immune response. Possibly both processes are involved.
Mechanisms Behind the Role of Gut Microbiota in Type-1 Diabetes in Animals
Animal studies support the involvement of intestinal microbiota in the early events that precede and lead to type-1 diabetes, and some suggest that interactions with the host immune system mediate the effects of microbiota in this disorder. Some studies described changes in microbiota composition preceding its onset in diabetic-prone BioBreeding rats (47) . Others describe that germ-free mice have increased diabetes incidence or that specific monocolonization of germ-free nonobese diabetic (NOD) mice delays the onset and reduces the incidence of diabetes (48) . A number of animal studies also demonstrate that exposure to bacterial antigens or infection in the early neonatal period prevents type-1 diabetes, thereby supporting the notion that microbial immunostimulation may beneficially affect the maturation of the postnatal immune system and protect against type-1 diabetes (48) . The role of the microbiota and its interaction with the innate immune system in type-1 diabetes was demonstrated in a study showing that NOD mice deficient in the innate signaling molecule MyD88 were protected from developing type-1 diabetes (5). This protection was lost when Myd88−/− NOD mice were housed under germ-free conditions, suggesting that the microbiota exerted a protective role. The absence of MyD88 in NOD mice led to changes in microbiota composition, characterized by increases in bacteria of the phylum Bacteroidetes, which could suppress the development of diabetes, presumably through the production of an immunomodulatory compound (5) . A more recent study demonstrated that the protective functions of the microbiota against type-1 diabetes development could be transferred (7) . Gut bacteria from MyD88-deficient mice, administered over a 3-wk period, stably altered the composition of the gut microbiome (increasing Lachnospiraceae and Clostridiaceae and decreasing Lactobacillaceae), reducing insulitis and delaying the onset of diabetes. This affected the mucosal immune system, increasing the concentration of IgA and transforming growth factor beta in the lumen and of CD8 + CD103
+ and CD8αβ T cells in the lamina propria of the large intestine, possibly delaying the development of autoimmune diabetes. Administration of the probiotic product VSL#3 (a combination of strains of the genera Bifidobacterium, Lactobacillus, and Streptococcus) to NOD mice also attenuated destructive insulitis, and preserved beta cells. This was presumably due to the induction of interleukin-10 producing lymphocytes that recirculated from the gut to pancreatic islet (49) . Recently, a gluten-free diet has been demonstrated to reduce the diabetic outcomes in NOD mice due to changes in the mouse microbiome (increased Bacteroides and Akkermansia numbers), via stimulation of a higher percentage of CD4 + CD25 + Foxp3 regulatory cells (50) .
Evidence Supporting a Role of Gut Microbiota in Type-1 Diabetes in Humans
Studies reporting associations between shifts in gut microbiota composition and function and type-1 diabetes in humans are summarized in Table 2 . Although results on the gut microbiota components and functions contributing to type-1 diabetes are not fully consistent, butyrate producing bacteria and bifidobacteria seem to be protective, whereas Proteobacteria/ enterobacteria seem to constitute risk factors for disease. From a functional point of view, the protective role of the commensal intestinal microbiota against this disorder could be mediated by the fact the microbiota and its metabolites (SCFAs) can strengthen mucosal integrity, modulate gut hormone production improving glucose metabolism, and reduce inflammation and prevalence of potential proinflammatory bacteria (e.g., enterobacteria) (51, 53) .
Other environmental factors with an impact on the gut microbiota and immune system have also been linked to the risk of developing type-1 diabetes, including viral infections, type of delivery (natural birth or caesarian), and infant feeding practices (42) . A meta-analysis showed that birth by caesarean section increased the risk of developing the disease by 20% regardless of the gestational age, weight, maternal age, breastfeeding practices, and maternal diabetes (55) . The lack of breastfeeding has also been associated with type-1 diabetes (reviewed in Pereira et al., 2014 (56) ). Thus, it is plausible that differences in the acquisition and evolution of the newborn microbiota in caesarian vs. vaginally born infants, and in formula vs. breastfed infants, may also influence the risk of developing type-1 diabetes (57) . The association of these factors with other autoimmune disorders such as celiac disease (CD) has been reported (58) . Type-1 diabetes and CD are autoimmune disorders with common genetic determinants (HLA-DQ) that frequently coexist. In fact, CD affects at least 10% of diabetic patients at some point in their life (59) . The influence of the HLA-DQ2/8 genotype on the intestinal microbiota composition of infants at family risk of CD has been described (1, 60) . However, the influence of the HLA-DQ genotype on the microbiota in subjects at risk of type-1 diabetes has not been specifically studied, although they share some genetic determinants of CD.
There are also speculations on the role of infections in the risk of developing type-1 diabetes, although no clear conclusions can be drawn from existing human data. For instance, the reduction in the antibody levels against Helicobacter pylori, cytomegalovirus, Epstein-Barr virus, and Toxoplasma in type-1 diabetic patients supports the "hygiene hypothesis" according to which reduced exposure to microbial stimulus increases the disease risk (61) . Infections by two coxsackieviruses (B3 and Arrows indicate increases or decreases of each bacterial group in the disease subject group compared with the control group (healthy subjects).
Review B6) have also been linked to a reduced risk of type-1 diabetes, which was considered to be a result of immunological crossprotection (62) . By contrast, intestinal infections by rotavirus (63) and other enterovirus (62, 64) have been associated with the onset or with the risk of disease, suggesting that they may contribute to triggering type-1 diabetes. In this vein, an observational study involving type-1 diabetics under 15 y of age described that perinatal infections were associated with an increased risk in the autoimmune disorder; conversely, attendance to preschool day-care, which promotes microbial exposure, decreased type-1 diabetes risk (65) . Overall, the findings suggest that the type of microbial agent, as well as time of exposure, can determine its role in disease risk, although confounding factors could also be a major source of variation in the results.
Conclusions
Gut microbiota has recently been recognized to play a major role in regulating the metabolic-immune axis, and consequently, changes in gut microbiota related to lifestyle (type of delivery, hygienic measures, diet, etc.) may contribute to the increased incidence of autoimmune and metabolic diseases in developed countries. Type-1 and type-2 diabetes represent two examples of diseases mediated by interactions between the gut microbiota and the immune system with subsequent development of specific organ autoimmunity and/or metabolic dysfunction. Knowledge of the role gut microbiota plays in these two diseases could be used to develop intervention strategies to prevent and/or treat imbalances that lead to the inflammation preceding overt manifestations of autoimmune and metabolic disorders. The specific microbiome components promoting or protecting against these disorders and the possible molecular targets for intervention are still under debate. Nonetheless, mechanistic insights from human and animal studies point to the protective role of the intestinal bacteria that produce butyrate, which may strengthen the gut barrier function, and that induce immunoregulatory mechanisms, commonly altered in both type-2 and type-1 diabetes. Nevertheless, well-controlled prospective human studies are still necessary to gain a better understanding of the contribution of specific gut microbiota and its response to environmental factors. Such information could be used to identify effective preventive strategies targeting specific component of the gut ecosystem. 
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